Abstract
INTRODUCTION
In connection with the planning and optimization of energy-efficient buildings and solar energy systems, it is important to know the climate data of the area where the buildings/systems are located. This study is based on measured weather data from a climate station located at the Technical University of Denmark, Kgs. Lyngby, and it shows how the thermal performance of solar collectors is influenced by weather variations.
The climate is one of the key factors influencing the energy yield of a solar heating system. This interaction takes place on several levels (Weiss, 2003) :
• Solar collector:
-The collector's efficiency is influenced by beam radiation, diffuse radiation and ambient air temperature.
• Heat demands of the building: -Heat losses to the ambient are driven by the difference in temperature between the house and the ambient (air and ground). -Solar radiation through the windows can be seen as an internal heat gain in the period of the year when space heating is needed (the heating season).
• Domestic hot water demand: -The cold water temperature from the mains varies over the year. This variation is mainly dependent on the average monthly ambient temperatures.
Throughout the world, design reference years have been developed for different locations. The weather data in the design reference years are derived from measured weather data for periods of [15] [16] [17] [18] [19] [20] years, and what is common for all the locations is that the weather varies from one year to another. Although the results in this study are based on the Danish weather data measured, the results are not specific for Danish conditions, but show how the thermal performance of solar heating systems and solar collectors is generally influenced by weather variations.
The thermal performance of solar heating systems can both directly and indirectly be influenced by the weather. The efficiency and energy production of a solar collector is directly influenced by the weather, especially by the solar irradiance on the collector and the ambient air temperature. The space heating demands of buildings are influenced by the weather, especially by the ambient air temperature and the solar radiation on the windows. The thermal performance of solar heating systems is therefore both directly and indirectly influenced by the weather.
MATERIALS/METHODS

Global radiation measurements
The total amount of solar radiation received by a horizontal (ground) surface is called "global radiation". Global radiation is thus the sum of the direct radiation from the sun and the diffuse radiation from the rest of the sky, i.e., the solar radiation scattered by atmospheric molecules and particles or reflected by clouds. What is measured and read by the instruments is called global irradiance, more specifically, global horizontal irradiance (GHI) or global tilted irradiance (GTI), which is the incident radiation power per unit area, and reported in units of W/m². Through integration over time it is the total radiation energy per unit area for a specified period, such as hours, days, months or years. This quantity is designated as global irradiation, and the monthly and annual values indicated are given in kWh/m² or MJ/m 2 (1 kWh/m 2 = 3.6 MJ/m²). Often, however, the term global radiation as a general expression is used for both global irradiance (GHI and GTI) and global irradiation. However, in this case it should be clearly indicated whether it is the instantaneous or average values of GHI or if it is the accumulated values. This study is based on the yearly and monthly values of GHI from a climate station at the Technical University of Denmark (DTU) in Kgs. Lyngby, Denmark, which is described below and shown in Fig. 1. 
Climate Station
The climate station, which is described by Andersen (2007) and Lund (1994) , Figure 1a, Figure 1b . The diffuse irradiance incident on a horizontal surface is measured by a pyranometer with a shadow band blocking any beam radiation, see Figure 1c . The ambient air temperature was measured with a PT1000 sensor.
Data were collected for more than 20 years in 2 minute time-steps by a computer and stored on 3.5" floppy disks for each single month. After the conversion of the data to the "xls" format, they were evaluated on Excel sheets. The evaluated data in this study from the period 1989 through 2010 are the global irradiance (W/m 2 ), the diffuse irradiance incident on a horizontal surface (W/m 2 ) and the ambient air temperature (°C).
Due to maintenance, human factors and/or measuring device problems during the long-term measurements, there are some missing weather data, e.g., from a few minutes to whole days. These missing measured data were replaced with the average data of the previous and following minutes (days).
Solar collectors
The calculations were carried out with a flat plate solar collector with a reference aperture area of 1 m 2 and a tilt of 45° facing south. The mean fluid temperature in the solar collector was set to 50 °C. The solar collector coefficients are given in Table 1 and are used to describe the solar collector efficiency η with the equation: Vol. 23, 2015, No. 2, 23 -29 ( 1) where η 0 is the zero loss efficiency; a 1 and a 2 are heat loss coefficients (Table 1) ; T m is the mean fluid temperature in the solar collector; T a is the ambient air temperature; and k Θ is the incidence angle modifier (IAM) given by: (2) where Θ is the incidence angle.
The power of the solar collector Q (W/m 2 ) was calculated with a model that has a correction term for diffuse radiation (Perers, 2000) . The diffuse radiation G d uses a separate IAM that equals the IAM for the beam radiation G b at an incidence angle of 60°:
The annual collector efficiency η a is defined as: (4) Tab. 
RESULTS
Weather data evaluation
Twenty years of measuring the data from the climate station at DTU shows a small increase in the ambient air temperature, Figure 2a . The increase is about 0.04 K per year. Over the last 20 years the average ambient air temperature increased almost 0.7 K. This was mostly due to increased annual global radiation as well as greenhouse gas emissions. The annual average ambient air temperature varied between 7.4 °C in 1996 and 10.5 °C in 2006 with an average of 9.4 °C, corresponding to a temperature variation from the warmest year to the coldest year of 3.1 K. Figure 2b shows an increase in global radiation over the last 20 years. An increase of about 3.5 kWh/m 2 per year was observed, corresponding to a yearly increase of 0.3 %. The yearly increase was 68 kWh/ m 2 , corresponding to 7 % of the global radiation growth over the last 20 years. Solar irradiance is higher when the sun is more active, as indicated by an elevated number of sunspots on its surface according to findings by Rottman et al. (2005) . The increase in total solar irradiance is, according to Lean (2010) Figure 3b shows a comparison of the measured direct and diffuse radiation incident on a horizontal surface. Generally, it can be observed that the sum of the direct and diffuse radiation equals the global radiation, which is two times larger than the diffuse radiation incident on a horizontal surface. The variations in the monthly average ambient air temperature were higher in the winter period than in the summer (see Figure 4a) , while the variations of the monthly global radiations were higher in the summer period than in the winter (see Figure 4b) . A similar behavior as in global radiation measurements was observed in the average monthly diffuse radiation on the horizontal measurements (see Figure  4c ). The variations in diffuse radiation were higher in the summer period and almost identical in the winter period. The red curves in Figure 4 show the monthly averages of the 20 years examined. Figure 5 shows the seasonal yearly average of the ambient air temperature, global and diffuse radiation incident on a horizontal surface. The summer period was from May to September; the autumn months are October and November; the winter is from December to February; and the spring months were March and April. The increase in ambient air temperature was mostly due to the summer months, and a decrease in the ambient air temperature in the past years was even registered in the winter months, i.e., that the summer period became warmer and the winter period became colder over the past 20 years (see Figure 5a ). The highest increase in global radiation was recorded in the spring months (see Figure 5b) , while the diffuse ra- Vol. 23, 2015, No. 2, 23 -29 diation increased mostly in the summer period (see Figure 5c ). The autumn and winter months were without any significant growth in global and diffuse radiation.
Thermal performance of a solar collector
The thermal performance of a solar collector with a reference collector area of 1 m 2 was calculated for 1998, the year with the lowest annual global radiation, see Figure 6a , and for 2009, the year with the highest global radiation, see Figure 6b . The difference between the total solar radiation and diffuse radiation is the beam (direct) radiation. Figures 6a and 6b show that the thermal performance was mainly dependent on the beam radiation. Table 2 shows the yearly thermal performance, the total solar radiation on a 45° tilted surface facing south, and the utilization of the solar radiation of a reference solar collector placed in Lyngby for the years with a minimum (1998) and maximum (2009) amount of global radiation incident on a horizontal surface. The total solar radiation is calculated by the sum of the beam and diffuse radiation incident on a tilted surface. A constant solar collector fluid temperature of 50 °C in the solar collector was assumed during all hours of the year. Vol. 23, 2015, No. 2, 23 -29 
DISCUSSION
The previous investigations of Andersen (2004) show that there is no reasonable linear relationship between the yearly global radiation and the yearly total solar radiation on a south-facing 45°-tilted surface. It was also investigated that the annual efficiency of solar radiation for all types of solar collectors is increasing for the annual solar radiation on a collector. Adsten et al. (2001) investigated the influence of the climate and location on solar collector performances. Three different locations in Sweden were investigated with weather data from 1983 to 1998. The locations were Lund (55.7 °N), Stockholm (59.3 °N) and Luleå (65.6 °N). The variations in total solar radiation on a south-facing 45°-tilted surface from the least sunny year to the sunniest year are 19 %, 23 % and 26 %, respectively. The investigation included a flat plate collector and an evacuated tubular collector. The authors found that the solar radiation variations are larger the further away from the equator the location is and that the collector output is strongly influenced by the solar irradiance and less influenced by the ambient air temperature during its operation, which corresponds with the results in this study according to Figure 6 . Further, they found that the relation between the global radiation and the solar collector's output could be fitted to a linear equation.
According to the Intergovernmental Panel on Climate Change (2007), an overall warming trend is apparent in the climate of the last two decades of the 20th century. Brohan et al. (2006) investigated that from 1980 to 2000, global surface temperatures increased at an average rate of 0.16°C per decade, with 1998 being the warmest year on record, i.e., 0.6°C above the global average for . But a relative lack of warming has characterized the first decade of the 21st century, even though greenhouse gas concentrations have continued to increase. Confounding the expectations of a monotonically warming globe, the average warming rate from 2000 to 2008 subsided by almost an order of magnitude, and temperatures in 2008 were cooler than in 2002. These varying 'trends' in global temperatures arise in part from the influences of solar irradiance and other natural processes (volcanic activity), which must be comprehensively assessed in order to properly ascertain the Earth's response to any underlying anthropogenic influence. Scafetta (2008) claims that the sun has caused as much as 70% of recent global warming (based in part on the attribution of radiometric trends to actual solar irradiance changes), which presents fundamental puzzles. It requires that the sun's brightness has increased more in the past century than at any time in the past millennium, including over the past 30 years, which is contrary to direct space-based observations. And it requires, as well, that Earth's climate be insensitive to well-measured increases in greenhouse gases at the same time that it is excessively sensitive to poorly-known changes in solar brightness. Both scenarios are far less plausible than the simple attribution of most (90%) of industrial global warming to anthropogenic effects rather than to the Sun.
One approach for forecasting climate in future decades is to estimate the effect from expected changes in the individual natural and anthropogenic influences. This approach assumes that climate will continue to respond linearly to these influences, as parameterized using past observations by Rind (2009) . The future climate scenario suggests an average warming rate of 0.17 °C per decade in response to projected solar irradiance cycles similar to cycle 23 and an anthropogenic forcing of 0.37 Wm −2 per decade (the trend in the recent past). The warming trend is comparable to the 0.2 °C per decade warming forecast by Intergovernmental Panel on Climate Change (2007), but contrary to recent projections of findings by Keenlyside (2008) , who forecasts an absence of warming in the next decade based on the weakening of the Atlantic Ocean's meridianal overturning circulation.
Global warming will probably not proceed at a constant rate in the immediate future. As anthropogenic influences continue and solar irradiance increases from the onset to the maximum of cycle 24, global surface temperatures are projected to increase 0.14 °C in the five years from 2009 to 2014 (at an average rate of 0.3°C per decade). Global annual temperatures in 2014 will be 0.7 °C warmer than the 1951-1980 base period, but the estimated annual temperature increase of 0.2 °C from 2004 to 2014 is smaller than the 0.3°C warming that Smith (2007) 
CONCLUSIONS
The influence of weather data on the thermal performance of solar systems with solar collectors was investigated theoretically. The investigation was based on calculations with weather data from the Danish Climate Station placed at the Danish University of Technology for the years from 1990 to 2010. Although the results in the study are based on weather data from Denmark, the results are not specific to the Danish conditions, but show how the thermal performances of solar systems are generally influenced by weather variations.
The annual thermal performance of solar systems with solar collectors increases with increases in annual solar radiation.
From the weather data measurements it is obvious that there was a trend of increasing global radiation as well as diffuse radiation and ambient air temperatures over the past 20 years. The ambient air temperature in the winter period is decreasing. Generally, the ambient air temperature does not have a high influence on the thermal performance of solar collectors compared to the influence of the total solar radiation.
